Consecutive batch culture, a technique which involves sequential transfer of cultures to fresh medium at regular intervals, was used to establish mixed ruminal-microbial populations in an anaerobic medium containing highly digestible hay. Once volatile fatty acid production was stable, perturbations were imposed in consecutive cultures by the addition of one of each of the following pentoses or analogous pentitols: L-arabinose, D-lyxose, D-ribose, D-xylose, L-arabitol, D-arabitol (Iyxitol), ribitol, and xylitol. With the exception of D-lyxose, the addition of pentoses caused marked increases in propionate and valerate production, and except for D-arabitol, pentitol addition caused increases in butyrate and valerate production. On transfer to and continued incubation in the control medium, volatile fatty acid production reverted to preperturbed levels. The presence of pentitols and pentoses significantly reduced the endpoint pH of cultures and the proportion of hay that was fermented. With all added substrates, the response to the perturbation was at its maximum within one incubation (i.e., within 48 h). Similarly, the variables being monitored all returned to control levels within one incubation. On the basis of these results, it is suggested that changes were related to the need to maintain a redox balance within anaerobic cultures rather than any significant changes in the microbial population that was present.
Interest in the use of polyalcohols, such as xylitol, as ruminal manipulants originates from dental research, in which a decrease in dental caries of nearly 90% has been reported in subjects who receive xylitol instead of glucose as a food sweetener (18, 19) . The effect has been attributed to decreased microbial growth in dental plaque because of an inability of plaque microorganisms to metabolize xylitol (19) . It has been suggested that, in a similar way, xylitol is not fermented by microorganisms in the rumen; instead, the additive is absorbed into the bloodstream, thereby making a direct contribution to the energy supply of the animal (Acetona, Farmline Greenprint No. 6, 1980 , Farmos Group Ltd., Turku, Finland). Studies with ruminal bacteria in vitro have shown that polyalcohols, including xylitol, are fermented less readily than their corresponding sugar analogs (3, 15, 20) . Results of in vivo experiments have also indicated that polyalcohols are not readily fermented in the rumen, and researchers have suggested that absorption across the ruminal wall may be one reason for their apparent advantageous effect on animal performance (25) and their nonappearance further along the digestive tract (8, 9, 24) . However, it has also been suggested (25) that an increase in ruminal butyrate concentration is caused by the partial fermentation of two polyalcohols, xylitol and sorbitol, in animals that receive a polyalcohol mixture as an additive to a forage diet. A similar effect was noted in vitro when the inoculum for batch cultures originated from an animal that received a polyalcohol mixture. This study was designed to determine how the presence of pentoses and pentitols affected substrate utilization and product formation during the fermentation of hay by mixed populations of ruminal microorganisms. The consecutive batch culture method was used since it is an operationally simple technique which enables the simultaneous screening of a number of potential ruminal manipulants. The consecutive batch culture system represents a simplified model of the ruminal ecosystem (22) and has the advantage over a single batch culture, in that it enables not only the study of adaptation to a perturbation but also the residual effect of such a perturbation.
MATERIALS AND METHODS
Microbial inoculum. Samples of ruminal contents were taken from rumen-fistulated sheep fed twice daily on highquality Italian ryegrass (Lolium multiflorum L.) hay (1,100 g [fresh weight] per day). Samples were removed before the morning feed and processed in the laboratory as described previously (22) .
Media. Media were prepared and inoculated by using aseptic and anaerobic techniques (2, 6, 12) . To ensure representative sampling of particulate suspensions, pipettes were modified by removing the tip and recalibrating the stem. Cultures were grown on a semidefined medium that lacked ruminal fluid, referred to as medium B by Lowe et al. (10) , in the presence of Italian ryegrass hay, which was prepared as described previously (22) . Media for the perturbed stage of the experiments (see below) were prepared by replacing 100 ml of anaerobic water per liter with 100 ml of the appropriate pentose or pentitol solution. In the first experiment stock solutions of xylitol were prepared at concentrations of 8.50, 21.25, and 42.50 g liter-'. The solutions were autoclaved at 115°C for 10 min before they were combined with other sterile components of the medium. The xylitol concentrations in the medium (0.85, 2.13, and 4.25 g liter-') corresponded to 10, 25 , and 50% (wt/wt) of the hay dry matter concentration (8. Consecutive batch culture method. The consecutive batch culture method was developed by Theodorou and coworkers and has been described previously (22; D. J. Gascoyne, Ph.D thesis, University of London, United Kingdom, 1986; D. J. Gascoyne and M. K. Theodorou, Anim. Feed Sci. Technol. in press). A 1-ml inoculum of ruminal contents was added to each of three replicate tubes of medium B containing hay. Cultures were incubated at 39°C without agitation for 48 h, and then 10% (vol/vol) of each replicate was pooled to form the inoculum for the next incubation period; the remaining culture was used for chemical analysis. Each experiment was made up of 12 incubations. During the initial period (incubations 1 to 4) and the residual period (incubations 9 to 12), medium B (9 ml) contained 0.1 g (fresh weight) of hay. In incubations 5 to 8 (perturbed period), the pentose and pentitol solutions described above were included. Control cultures were grown on medium B plus hay throughout the 12 incubations.
Chemical analysis. Gas chromatography was used for volatile fatty acid (VFA) analysis (10) . Analysis for pentoses and pentitols was carried out by high-pressure liquid chromatography by using a column (300 mm by 7.8 mm) (HPX-87P; Aminex) fitted with a micro-guard column (Deashing; Bio-Rad Laboratories Ltd., Herts, United Kingdom). The column was maintained at 85°C, and samples of 20 ,ul were injected and eluted with degassed water at a rate of 0.6 ml min-'. Compounds were detected by using a refractive index detector (Bio-Rad), and quantification was achieved by comparing retention times and peak areas with those of reference compounds.
During the first experiment, 2 ml of culture was acidified for VFA analysis, and the remainder was frozen for the subsequent analysis of xylitol by high-pressure liquid chromatography. During the second experiment, the pH and residual dry matter of the cultures were also determined. Medium pH was measured immediately after 1 ml of culture was removed to form the pooled inoculum. The remaining culture was centrifuged at 26,000 x g for 15 min at 4°C, and the supernatant was removed and analyzed for VFAs and the pentose or pentitol that was included, as described above. The residual dry matter of hay was determined after the pellet was suspended, washed, and dried as described previously (22) . In all calculations values for fresh weights of hay added to the medium were corrected to dry weights by determining the dry matter content of air-dried hay.
Statistical analysis. Each group of three cultures from which the inoculum for the next three cultures was obtained was considered as an experimental unit. Data from the control series (12 incubations) were used to calculate the standard error of the means. Least significant differences were determined in order to compare the mean data of the four perturbed incubations in each experimental series with the mean data from the corresponding four incubations in the control series.
RESULTS
Effect of xylitol. The molar proportions of acetate, propionate, and butyrate for consecutive cultures in the control series were similar to those usually found in vivo, with respective means of 0.61 ± 0.03, 0.29 + 0.03, and 0.10 + 0.02 (Fig. la) . Valerate was not included in the calculation of molar proportions, to enable direct comparison with pub- lished data from in vivo experiments (23) . In cultures treated with xylitol during the perturbed period, the molar proportion of butyrate increased with increasing xylitol concentrations (Fig. lb, c, and d) . There was a corresponding decrease in the proportion of propionate with the two lower xylitol concentrations (Fig. lb and c) , but with xylitol present at Table 1) . Analysis of medium from cultures to which xylitol was added showed that at least 95% of it was fermented by the end of the 48-h incubation periods.
Effect of pentoses and pentitols. Medium B plus hay was prepared and inocualted at a pH of 6.7. After 48 h of fermentation the endpoint pH of the cultures in the control series was somewhat lower at 6.3, but it showed no variation during 12 incubations (P < 0.01). Similarly, there was no variation in the endpoint pH of 6.3 of all other cultures during the initial (incubations 1 to 4) and residual (incubations 9 to 12) periods (P < 0.01). However, although the presence of pentoses or pentitols had a negligible effect on the pH of the uninoculated medium, at the end of the 48-h incubation the pH of all the perturbed cultures was significantly lower (P < 0.01) at pH 6.0 to 6.2 than that of the corresponding control culture.
With respect to residual dry matter, there was no significant difference between the results from the initial and residual incubation periods for any of the experimental series (Table 2) . However, pentoses and pentitols caused significant increases in the residual dry matter in perturbed cultures ( Table 2 ), indicating that less hay was fermented. The increases in residual dry matter relative to that in control cultures ranged from 11% in the presence of xylose or L-arabitol to 19% in the presence of D-arabitol.
Although there was little variation in the concentration of individual VFAs during the 12 incubations of the control series, the addition of pentoses or pentitols resulted in significant increases in the concentration of total VFAs (Table 3) , with D-lyxose and xylitol being the only two additions which showed less than a 20% increase over the control concentration. For the other pentoses and pentitols, increases were all between 23 and 29%. In agreement with the results given above, the addition of xylitol caused significant increases in the concentrations of butyrate and valerate, as did the addition of L-arabitol and ribitol. The increase in mean butyrate concentration ranged from 87% when L-arabitol was added to 124% when ribitol was added.
In contrast, the addition of L-arabinose, D-ribose, D-xylose, and D-arabitol caused significant increases in propionate and valerate concentrations, with increases in mean propionate concentrations ranging from 48% with L-arabinose to 74% with D-arabitol. The increase in the valerate concentration when pentoses and pentitols were added ranged from 57% with ribitol to 112% with L-arabinose. Analysis of the medium from cultures to which pentoses and pentitols were added showed that at least 95% of each of them were fermented by the end of the 48-h incubation period.
DISCUSSION
The inclusion of pentoses or pentitols at a concentration equivalent to 25% hay dry matter reduced the fermentation of hay by ruminal microorganisms, since the residual dry matter was increased ( Table 2 ). Some of this dry matter may have been due to microbial biomass that was formed at the expense of the additional (soluble) substrate, but the differences between the residual dry matter in control and perturbed cultures were too great to be totally explained in this way. It appears that pentitols, which are not normal constituents of hay, exert as much inhibition as pentoses, some of (13) . The inhibition of hay fermentation by the presence of pentoses and pentitols either can be explained in terms of the slight decrease in endpoint pH, as suggested by Hiltner and Dehority (4) , or it may be due to the existence of catabolite regulatory mechanisms in ruminal microorganisms (14, 17) .
Results of a previous study (15) (5, 11, 21) , whereas the addition of pentitols (L-arabinitol, ribitol, and xylitol) resulted in an increased butyrate concentration. Since enhanced formation of either product would help to redress the redox balance, the most likely explanation for the observed differences in product formation is the utilization of different fermentation pathways in the presence of the two types of substrate.
All the variables (VFA, dry matter, and pH) measured in these experiments showed a similar response to the perturbation at the end of each of the four consecutive incubations making up perturbed period. This was in contrast to results of consecutive batch culture experiments with plant phenolic compounds (22) , during which the response to some phenolic compounds became more or less marked in consecutive incubations during the perturbed period. The results with pentoses and pentitols imply that one 48-h incubation period is sufficient for adaptation to the perturbation. Similarly, there were no residual effects of the perturbations, when cultures were returned to the control medium. The relative rapidity of these responses lends support to the suggestion that changes in the products formed by the microbial population occurred to maintain the hydrogen balance. This is in contrast to the suggestion that there are changes in the microbial subgroup populations in the presence of phenolic acids (1, 22) .
To substantiate the reasons for the different products formed from pentoses or pentitols, a more complete understanding of the factors which regulate the catabolic pathways involved in the fermentation of these substrates is required.
The rates of fermentation must be considered in relation to the rate of passage through the rumen, before the fate of these substrates in vivo can be predicted. If they are only metabolized slowly, then their absorption across the ruminal wall may occur (8, 24, 25) . However, from the data presented here, it seems likely that pentoses and pentitols are rapidly metabolized within the ruminal environment and, if present in a sufficient quantity, may cause significant changes in VFA proportions and the extent of forage digestion.
